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Hypersaline lakes are characteristic for Western Australia and display a rare combination of 22 geochemical and mineralogical properties which make these lakes potential analogues for past 23 conditions on Mars. In our study we focused on the geochemistry and mineralogy of Lake Orr and 24 Lake Whurr. While both lakes are poor in organic carbon (<1%) the sediments' pH values differ 25 and range from 3.8 to 4.8 in Lake Orr and from 5.4 to 6.3 in Lake Whurr sediments. Lake Whurr 26 sediments were dominated by orange and red sediment zones in which the main Fe minerals were 27 identified as hematite, goethite, and tentatively jarosite and pyrite. Lake Orr was dominated by 28 brownish and blackish sediments where the main Fe minerals were goethite and another 29 paramagnetic Fe(III)-phase that could not be identified. Furthermore, a likely secondary Fe(II)-30 phase was observed in Lake Orr sediments. The mineralogy of these two salt lakes in the sampling 31 area is strongly influenced by events such as flooding, evaporation and desiccation, processes 32 that explain at least to some extent the observed differences between Lake Orr and Lake Whurr. 33
The iron mineralogy of Lake Whurr sediments and the high salinity make this lake a suitable 34 analogue for Meridiani Planum on Mars and in particular the tentative identification of pyrite in 35
Micro X-ray diffraction (µXRD) was used to analyze the dried mineral phases using a Bruker D8 138 Discover X-ray diffraction instrument (Bruker AXS GmbH, Germany) with a Co Kα X-ray tube (λ= 139 0.179 nm), operating at 30 kV (Berthold et al., 2009) 
. ICDD (International Centre for Diffraction 140
Data) database was used for mineral identification. 141
Samples for Mössbauer spectroscopy were prepared by loading sediment material (150 mg per 142 sample for Lake Whurr and 136.8 mg per sample for Lake Orr) as dry powder into plexiglas holders 143 (area 1 cm 2 ). In order to ensure a homogeneous sample with ideal thickness, each sample was 144 mixed and ground using a pestle and mortar. The samples were transferred to the Mössbauer 145 spectrometer and inserted into a closed-cycle exchange gas cryostat (Janis cryogenics). Spectra 146 were collected at 295, 77 and 5 K using a constant acceleration drive system (WissEL) in 147 transmission mode with a 57 Co/Rh source and calibrated against a 7 µm thick α-
57
Fe foil measured 148 at room temperature. Spectra were analyzed with Recoil (University of Ottawa) using the Voigt 149
Based Fitting (VBF) routine (Rancourt and Ping, 1991) . The HWHM was fixed to 0.13 mm/s, as 150 determined from the minimum line width of the calibration foil, measured at 295 K. 151
152
Results
153
Geochemical sediment characteristics 154
The pH values in Lake Orr sediments (sampled in 2012) increased with increasing sediment depth 155 from 3.8 in the salt crust (0-2 cm) to 4.8 in the sediment zone >8 cm. The sediments of Lake Whurr 156 (sampled in 2013) are less acidic and pH increased with increasing sediment depth from 5.5 to 157 6.3. Total organic carbon (TOC) showed the same spatial pattern and increased with increasing 158 sediment depth from the top sediment zone to the deeper zones and was slightly higher in Lake 159
Whurr sediments (Table 1) . Concentrations of leachable organic carbon increased with increasing 160 sediment depth in Lake Orr and ranged from 1.7±0.1 mg L -1 to 9.6±0.2 mg L -1 >8cm. In Lake Whurr 161 sediments concentrations of leachable organic carbon did not exceed 6.7 mg L -1 (red layer) and 162 reached only 2.9 mg L -1 in the orange layer. 163
Fe extractions in Lake Orr sediments using 0.5 M HCl (for the extraction of "poorly crystalline" Fe 164 minerals) showed highest concentrations for total Fe (Fe(tot)) in the depth zone from 5-8 cm 165
(57.3±4.3 µg g -1
). The amount of ferrous iron (Fe(II)) of the total iron ranged from 75% in the top 166 2 cm of the sediments to 66% in the zone from 5-8 cm, and in the zone >8 cm no more ferric iron 167 (Fe(III)) could be detected. When using 6 M HCl (for the extraction of "crystalline" minerals) as 168 extracting agent, the results looked quite different and we found that the crystalline Fe fraction in 169 Lake Orr sediments was dominated by ferric iron. Lowest Fe(tot) concentrations were found in the 170 top two cm of the profile (10.1±2.9 µg g -1 ) whereas concentrations in the deeper sediment zones 171 were much higher in the range of 600 µg g -1 of Fe(tot). Amounts of Fe(II) of the total iron present 172 in the samples was <3% for the depth zones >2 cm, whereas Fe(II) accounted for 60% of the total 173 iron in the top 2 cm of the sediments (Fig. 2) . 174
For Lake Whurr, total Fe content of 5.2 and 16.2% of the dry weight sediment were quantified for 175 the red and orange sediments, respectively. Sequential Fe-extractions with 1 M and 6 M anoxic 176
HCl demonstrated the presence of Fe(II) in both samples from Lake Whurr. In the "bioavailable", 177 low crystalline Fe-phase extracted with 1 M anoxic HCl the amount of Fe(II) of the total iron ranged 178 from 10.3% in the orange sample to 9.9% in the red sediments whereas it decreased to 1.3% or 179
1.6% respectively in the higher crystalline Fe-phase using 6 M anoxic HCl as an extracting agent 180 (Table 2) . 181
Mineralogy of Lake Orr and Lake Whurr sediments -XRD and Mössbauer analyses 182
Results of the material from the red sediment layer obtained with µXRD suggested the mineral 183 phases were amorphous or nanoparticulate with no clear reflections apart from the background 184 signal of the silicon wafer sample holder (Fig. 3) . Material from the orange sediment layer was 185 dominated by halite (NaCl) with minor amounts of goethite (α-FeOOH) and hematite (α-Fe2O3). 186
In order to get more detailed information on the Fe mineralogy and in particular the Fe-redox state 187 in these sediments, we used The hematite in the red sample is therefore less crystalline than the hematite in the orange sample, 241 which is consistent with the XRD observation of only amorphous mineral phases. As in the orange 242 sample, Bhf values are lower than those of pure, well-crystalline hematite and the Morin transition 243 is suppressed, which suggests possible Al substitution. 244
A doublet remains at 5 K with the same parameters as the doublet assigned to pyrite in the orange 245 sample. We therefore again tentatively assign this phase to pyrite, supported by the identification 246 of Fe(II) in the acid extraction results (Tab. 2). The pyrite and superparamagnetic hematite 247 doublets overlap and cannot be resolved in the higher temperature spectra. There is no indication 248 of jarosite in the room temperature and 77 K spectra though we could fit a jarosite doublet into the 249 5 K spectrum. With 2 % Pop. it is at the detection limit generally quoted for Mössbauer 250 spectroscopy and we therefore conclude that, if jarosite is present in the red sample, it is at or 251 below the detection limit. 252
The mineralogy of Lake Orr looks different compared to the results from Lake Whurr. Fe minerals 253 of 2 sediment zones (2-5 cm and 5-8 cm depth) were identified using 57 Fe-sensitive Mössbauer 254 spectroscopy only (Fig. 6) . Figure 6a shows the results for the zone from 2-5 cm for measurements 255 at room temperature, 77 K and 5 K. When measured at room temperature, the Mössbauer 256 spectrum for a sample from a depth zone from 2-5 cm is dominated by a (super)paramagnetic 257 Fe(III) phase which accounts for 97.4% of the total spectral area. Additionally, there is an Fe(II) 258 phase which accounts for 2.6%. As temperature is decreased, magnetic ordering increases and 259 a sextet becomes visible at 77 K which accounts for 13.6% of the total spectral area. At 5 K the 260 magnetically ordered Fe(III) phase is identified as goethite and accounts for 27.5% while the 261 (super)paramagnetic Fe(III) phase accounts for 66.9% and the Fe(II) phase for 5.6% of the total 262 spectral area. The fact that the identified goethite becomes visible only under low temperatures 263 suggests a very small particle size, resulting in a very low blocking temperature. The remaining 264 doublet may still be superparamagnetic goethite with very small particle sizes (van der Zeee et al. 265
2003). Another explanation might be the incorporation of additional elements such as aluminum 266 in the crystal structure (Murad and Schwertmann, 1983) . 267
The sediment from 5-8 cm shows similar characteristics as the one from 2-5 cm (Fig. 6b) . The 268 room temperature spectrum is dominated by a doublet which is characteristic of a 269 superparamagnetic or poorly crystalline Fe(III) mineral (81.9% of the total spectral area). 270
Additionally, a poorly defined sextet was required to fit the data. Surprisingly this sextet was not 271 apparent when measured at 77 K. However, this is probably caused by the poor signal to noise 272 ratio for this particular measurement and consequently the sextet could not be distinguished from 273 the background. At 5 K the sextet accounting for 21.5% of the total spectral area was identified as 274 nano-goethite. 76.5% of the total spectral area corresponded to a poorly crystalline Fe(III) phase. 275
The Fe(II) phase which was also identified in the sediment zone from 2-5 cm was detected at all 276 temperatures (2.0-5.3% of the spectral area) in the sediment depth zone from 5-8 cm as well. The 277 presence of Fe(II) in Lake Orr samples was also confirmed by sequential Fe-extractions (Fig. 2) . 278
Mössbauer parameters for the samples from 2-5 cm and 5-8 cm are presented in Table 5 . 279
Discussion
280
Geochemistry of Lake Orr and Lake Whurr sediments depending on rainfall events 281
Geochemical parameters revealed fundamental differences between Lake Orr and Lake Whurr. 282
Not only is Lake Orr more acidic than Lake Whurr, but also the concentrations of total Fe in % 283
were considerably lower in Lake Orr compared to Lake Whurr. When comparing the amounts of 284 Fe(II) of the total Fe, it becomes evident that conditions were more reduced in Lake Orr in 2012 285 compared to Lake Whurr in 2013. While we did not detect any ferric Fe at all in Lake Orr sediments 286 >8 cm depth, the amounts of Fe(II) of the total Fe in the orange layer of Lake Whurr did not exceed 287 10.3% in the low crystalline Fe-phase. The occurrence of reducing conditions in Lake Orr 288 sediments is additionally supported by the dark black color in the sediment zone >8 cm, probably 289 indicating the presence of sulfide and thus microbial sulfate reduction (Mesbah et al., 2007; Porter 290 et al., 2007) . One of the reasons for the predominance of reducing conditions in Lake Orr 291 sediments but not in Lake Whurr sediments (despite the higher TOC in Lake Whurr sediments) is 292 probably the thick (several cm) salt crust present at Lake Orr in 2012 limiting oxygen penetration 293 and allowing the establishment of reducing conditions. In contrast, the sediment samples taken at 294 Lake Whurr in 2013 had a very different appearance and no salt crust was present. Instead, the 295 top cm of the sediments had a sand-like coarse structure probably allowing better oxygen 296 penetration than the salt crust at Lake Orr. This difference in the two sediments was probably 297 caused by the very different weather conditions during sampling in the years 2012 and 2013. 298
During sampling in 2012 the weather conditions were dry and before sampling it had not rained 299 for at least 12 weeks and thus the lakebed of Lake Orr was completely desiccated with a 3-4 cm 300 thick salt crust covering the whole lake surface. In contrast, there was heavy rainfall in the weeks 301 prior to the 2013 sampling campaign at Lake Whurr. Therefore, the lakebed was filled with water 302 with an average water depth of 15 cm (Fig. 1d, e) . This led to dissolution of most of the salt crust 303 and consequently to completely different geochemical conditions in the sediments. The relevance 304 of changing weather conditions on sedimentary geochemical conditions within Western Australian 305 salt lakes has been shown previously (Benison et al., 2007) . Rainfall in the days right before 306 sampling of Lake Whurr in 2013 led to the dissolution of the evaporate crystals (mainly halite) and 307 due to the inflow of fresh water to a decrease in salinity and an increase in pH. Due to dry 308 conditions in the following days, the lake was in the so called "evapoconcentration state" during 309 sampling of Lake Whurr in 2013. This leads to the precipitation of halite and partly also gypsum 310 crystals from the water, a decrease in the pH, while salinity increases again as water evaporates 311 (Benison et al., 2007) . Additionally hematite and jarosite precipitation has been observed to occur 312 during the evapoconcentration stage (Benison et al., 2007) . In contrast to that, during the sampling 313 campaign in the Australian autumn 2012, Lake Orr was probably in the so-called desiccation 314 stage. In this stage precipitation of evaporate crystals continues and leads to cm-thick halite or 315 gypsum crusts as also observed at Lake Orr in 2012. Due to the thickening of the salt crust oxygen 316 penetration is limited resulting in oxygen limitation and the occurrence of reducing conditions. This 317 was confirmed by the quantification of reduced iron (Fe(II)) and a black sediment color of the Lake 318
Orr sediments suggesting microbial sulfate reduction (Foti et al., 2007; Sorokin et al., 2012) . 319
Mineralogy of Lake Orr and Lake Whurr sediments 320
57
Fe-Mössbauer spectroscopy analysis of Lake Orr as well as Lake Whurr sediments showed that 321 the Fe minerals in both spectra were dominated by Fe(III) phases and that Fe(II) plays a minor 322 role only. Goethite was identified in Lake Orr sediments from both layers analyzed (2-5 cm and 5-323 8 cm) and the fact that the Mössbauer spectra of these samples are dominated by a doublet at 324 room temperature suggests that the Fe minerals present have a very small particle size. The 325 presence of nanoparticular goethite is in line with results from boreal lake sediments and marine 326 sediments where nanogoethite (2-12 nm particle size) was also identified as the dominant reactive 327 . This is also conceivable for Lake Whurr where the overall pH was only 344 mildly acidic. In particular as the orange minerals containing the jarosite were not distributed 345 evenly throughout the sediments but appeared in localized, small lenses and patches of minerals 346 (Fig. 1) , reactions at the small scale leading to locally acidic conditions favoring jarosite 347 precipitation might have occurred. Such localized jarosite precipitates have been identified before 348 in acidic microenvironments in highly carbonate-buffered sediments of a polar desert (Leveille, 349
2007) or against an alkaline backdrop in the African rift valley (McHenry et al. 2011). 350
A direct precipitation of the Fe-minerals hematite and also goethite at our two field sites is possible 351 (Benison and Bowen, 2006) . In particular during evaporation and desiccation salts such as halide, 352 but also hematite and goethite are known to precipitate from lake waters and can form small mm-353 and cm-sized patches of e.g. hematite as seen in Fig.1b (Benison et al., 2007) also leading to the formation of goethite (Hansel et al., 2003; Hansel et al., 2005) . 360
Lake Whurr as a terrestrial Mars analogue 361
The minerals identified in Lake Whurr sediments and the sediment geochemistry suggests that 362 Lake Whurr is a suitable terrestrial analogue to study mineral (trans)formation pathways at 363 hematite, goethite and tentatively jarosite in mildly acidic salt lake sediments from Lake Whurr. 368
Thus also mildly acidic environments might be considered as terrestrial analogues for past 369 conditions at Meridiani Planum on Mars. 370
Another interesting mineralogical aspect is the tentative identification of pyrite (FeS2) in Lake 371
Whurr sediments. Although it has been suggested to be characteristic of acidic Western Australian 372 salt lakes (Krause et al., 2013) , the Mössbauer parameters identified for the potential pyrite 373 mineral phase from Lake Whurr (Table 3, Table 4 . Very recently a metagenomic approach was used to describe 387 not only the microbial community of a salt lake in Western Australia, but also to identify its 388 metabolic potential. This study demonstrated that most of the identified genes were associated to 389 sulfur metabolism (Johnson et al., 2015) . However, these studies did not investigate the presence 390 or even activity of Fe-metabolizing microorganisms and their contribution to the mineral formation 391 and transformation in salt lake sediments. Generally, knowledge on microbial Fe-redox processes 392 under elevated salinities is rather limited and only very few isolated bacterial strains are known 393 (Pollock et al., 2007; Oren, 2011) . One study on sediments in a Russian salt lake showed the 394 presence and activity of Fe(II)-oxidizing and Fe(III)-reducing microorganisms up to the solubility 395 limit of NaCl (Emmerich et al., 2012) . These Russian salt lakes are also of interest since among 396 the minerals identified in their sediments there was akaganéite (FeO(OH)Cl. Akaganéite is an iron 397 oxyhydroxide mineral characterized by the incorporation of Cl -into the layered mineral structure 398 that is known to occur in saline environments (Schwertmann and Cornell, 2007; Bibi et al., 2011) . 399
Akaganéite has been shown to form by both abiotic and biotic processes ( Holm et al., 1983; 1993 , 400
Xiong et al., Chan et al., 2009 ) and has also been suggested as a precursor for the hematite 401 minerals on Mars (Glotch and Kraft, 2008) and its presence on Mars has recently been verified 402 using orbital imaging spectroscopy (Carter et al., 2015) . However, akaganéite was not detected 403 in the Australian salt lake sediments. One reason for this might have been the differences in the 404 salinity between Lake Kasin and Lake Whurr. With salinities above the solubility limit of NaCl, Lake 405
Kasin has been more saline than Lake Whurr. This lower salinity of Lake Whurr was mainly caused 406 by the heavy rainfall prior to sampling in 2013 which had a diluting effect on the salinity in Lake 407
Whurr. It can be assumed that the lower salinities of Lake Whurr promoted the formation of 408 minerals such as hematite or jarosite over the formation of the Cl-containing akaganéite. 409
The highly acidic Rio Tinto in Spain, another terrestrial analogue for Meridiani Planum, sustains a 410 microbially driven Fe-redox cycle (Amils et al., 2014 
